Background: Fiber intake is associated with a reduction in the occurrence of cardiovascular events and diabetes.
T
here are several studies demonstrating the beneficial effects of fiber intake on the prevention of cardiovascular events and diabetes (1) (2) (3) (4) (5) . Although these epidemiological studies are consistent in terms of clinical outcomes, no data are available hitherto to explain the mechanisms underlying these beneficial effects in terms of either cardiovascular disease or diabetes. It is therefore important that the effects of fiber intake be investigated. One possible mechanism is that fiber interacts with macronutrients in the gut and possibly alters the metabolic and other proinflammatory effects of these macronutrients. Such actions may potentially alter the oxidative and inflammatory stress events known to occur after the intake of macronutrients (6) (7) (8) (9) (10) .
We previously demonstrated that the intake of a highfat and high-calorie (HFHC) meal resulted in the induction of oxidative and inflammatory stress in addition to an increase in plasma endotoxin (lipopolysaccharide [LPS] ) concentrations and the expression of Toll-like receptor (TLR)-4, the receptor for LPS, and CD14, which facilitates the ligation of endotoxin (LPS) to TLR-4 in peripheral blood mononuclear cells (MNCs) (6, 7) . In contrast, when a fruit and fiber meal (recommended by the American Heart Association [AHA]) was taken, no such changes occurred (7) . This contrasting observation raises the question whether the fruit and/or the fiber content of the latter meal had anti-inflammatory effects. We also showed previously that the concomitant intake of orange juice prevented the proinflammatory effects of the HFHC meal and thus exerted anti-inflammatory and antioxidant effects (8) . However, there are no data on the effect of dietary fiber on the proinflammatory actions of the HFHC meal. On the other hand, there are numerous epidemiological and observational studies on the beneficial effects of fiber intake on cardiovascular outcomes, showing marked reductions in the occurrence of cardiovascular events and the prevention of diabetes (5, 11) .
Because atherosclerosis is a chronic inflammation of the arterial wall and this inflammation is initiated by the arrival of monocytes and other MNCs from the circulation into the intimal layer of the artery (12) , the postprandial inflammatory state of the MNC may be important in atherogenesis. Therefore, a reduction in postprandial inflammation and oxidative stress can potentially reduce atherogenesis. In view of the above, we have now hypothesized that the addition of dietary fiber to an HFHC meal reduces oxidative and inflammatory stress, endotoxemia, and TLR-4 induction. Similarly, inflammatory mediators, including SOCS-3, interfere with insulin signal transduction and thus mediate insulin resistance. Our previous work showed that SOCS-3 is induced by the HFHC meal and that its increase is prevented by orange juice and by a meal rich in fruit and fiber (7, 8) . It is therefore possible that fiber intake prevents the increase in SOCS-3.
In association with the anti-inflammatory effects of orange juice and a fruit and fiber meal, we also previously observed that the magnitude of insulin secretion and the insulin/glucose ratio was significantly increased after the intake of orange juice with the HFHC meal and following the AHA meal (8, 13) . We therefore also hypothesized that the intake of fiber increases insulinogenesis and the secretion of glucose-dependent insulinotropic peptide (GIP) and glucagon-like peptide (GLP)-1 while suppressing dipeptidylpeptidase IV (DPP IV) concentrations in plasma. In addition to the action of DPP IV on the lysis of GIP and GLP-1, the cellular equivalent of DPP IV, CD26, is known to be a proinflammatory signaling molecule situated in cell membranes (14, 15) . Thus, this molecule is responsible for both the rapid destruction of incretin hormones and the induction of cellular inflammation.
In view of the above, we hypothesized that the intake of fiber with the HFHC meal reduces or prevents oxidative and inflammatory stress, including the increase in DPP IV; increases insulinogenesis and reduces glycemic excursion; and suppresses the mediators of the insulin resistance-causing genes, SOCS-3 and PTP-1B.
Subjects and Methods

Subjects
This is the second part of a nutritional investigation study of the effects of fiber content on meal-induced inflammation and oxidative stress. The first part comparing the effect of the HFHC meal with that of an AHA meal rich in fruits and fiber in the same subjects was published previously (7) . The subjects (10 normal-weight subjects; 6 males; body mass index, 22. Before and at 15, 30, 45, 60, 75, 90, 120, 180 , and 300 minutes following completion of the meal, blood samples were collected in tubes containing protease inhibitor cocktail (Sigma, St. Louis, MO) and DDP IV inhibitor (EMD Millipore, Billerica, MA) for incretin and pancreatic peptide measurements. Additional blood samples were collected before and at 1, 2, 3, and 5 hours after the intake of food and were used for cellular work. The experimental protocols were approved by the Human Research Committee of the State University of New York at Buffalo, and each subject signed an informed consent form. All study staff were trained and completed mandatory Collaborative Institutional Training Initiative and Good Clinical Practices training and were qualified to conduct clinical research.
MNC isolation
Blood samples were collected in Na-EDTA as an anticoagulant, and 3 to 5 mL of anticoagulated blood sample was carefully layered over 3.5 mL of lympholyte medium (Cedarlane Laboratories, Hornby, ON, Canada) and centrifuged to separate the cells. The top band consisted of MNCs and was carefully collected. This method provided yields of greater than 95% pure MNC suspensions.
Western blotting
MNC total lysates were prepared, and electrophoresis and immunoblotting were carried out as described previously (6). , and actin (Santa Cruz Biotechnology, Santa Cruz, CA) were used, and the membranes were developed using West Femto chemiluminescence reagent (Pierce Chemical, Rockford, IL). Densitometry was performed using molecular analyst software (Biorad, Hercules, CA), and all values were corrected for loading with actin.
Reactive oxygen species generation measurement by chemiluminescence
Five hundred mL of MNCs (2 3 10 5 cells) was delivered into a Chrono-log Lumi aggregometer cuvette. Luminol was then added, followed by 1.0 mL of 10 mM N-formyl-methionyl-leucinylphenylalanine. In this assay system, the release of superoxide radical, as measured by chemiluminescence, has been shown to be linearly correlated with that measured by the ferricytochrome c method (16) .
Total RNA isolation and real-time polymerase chain reaction (PCR)
Total RNA isolation and real-time PCR were performed as previously described (17, 18) . Expression of CD26, TLR-4, TLR-2, CD14, CD16, PTP-1B, SOCS-3, TNF-a, and IL-1b messenger RNA (mRNA) was measured. The specificity and the size of the PCR products were tested by adding a melt curve at the end of the amplifications and by running it on a 2% agarose gel. All values were normalized to the expression of 3 housekeeping genes (b-actin, ubiquitin C, and cyclophilin A).
Plasma measurements
Blood samples were collected in tubes containing DPP IV inhibitor and protease inhibitor cocktail before and at 15, 30, 45, 60, 75, 90, 120, 180, and 300 minutes following meal consumption. Glucose levels were measured in plasma with a YSI 2300 STAT Plus glucose analyzer (Yellow Springs, OH). Enzyme-linked immunosorbent assays were used to measure levels of insulin, C-peptide, proinsulin, total GLP-1, GIP and pancreatic peptide YY3 (EMD Millipore), DPP IV, and glucagon (R&D Systems, Minneapolis, MN). Plasma LPS concentration was measured with a commercially available kit (Cambrex Limulus Amebocyte Lysate kit; Lonza, Inc., Walkersville, MD). Plasma samples used for LPS determination were stored in LPS-free glass tubes to prevent loss of LPS to the plastic tube wall. All materials used for the assay were rendered LPS free. Plasma was diluted 10-fold and heated to 75°C for 5 minutes before LPS measurement. Free fatty acid (FFA) levels were measured with a colorimetric assay (Wako Chemicals, Richmond, VA). Thiobarbituric acid-reactive substances (TBARS) were assayed in plasma using a fluorescence assay (Zeptometrix, Buffalo, NY).
Statistical analysis
Statistical analysis was conducted using SigmaStat software version 3.1 (SPSS Inc., Chicago, IL). Data are represented as mean 6 standard error (SE). Percentage change from baseline was calculated, and statistical analysis for change from baseline was carried out using 1-way repeated-measures analysis of variance (RMANOVA) followed by the Holm-Sidak post hoc test. Two-factor RMANOVA followed by the Tukey post hoc test was used for comparison between the 2 groups. The areas under the curve for glucose, insulin, and incretins were calculated for each subject's samples and compared between meals by paired t test. P values for the comparisons between the 2 groups were reported with and without the Holm-Bonferroni correction (HBC) for multiple testing (i.e., P = without HBC; with HBC).
Sample size determination for the overall study was based on the difference between the HFHC meal and the AHA meal groups in DPP IV concentration change from baseline. By conservatively assuming a mean difference in DPP IV concentrations of 20% between the 2 groups and a standard deviation of 15%, a sample size of 10 was sufficient to obtain a statistically significant difference (P , 0.05) between the 2 groups with a paired t test power of 0.8. We also tested the sample size needed to provide sufficient power for this part of the study, which focused on inflammation and oxidative stress using the difference in the change from baseline in reactive oxygen species (ROS) generation by MNC following the HFHC meal with and without fiber as the primary end point. On the basis of our previous data (7), where ROS generation was lower by 63% 6 32% following the AHA meal compared with the HFHC meal, we now conservatively estimated a mean difference in ROS generation between the HFHC meal with and without fiber of about 40%, with a standard deviation of 30%. Therefore, a sample size of 10 was sufficient to obtain a statistically significant difference (P , 0.05) between the 2 groups, with a paired test power of 0.8. Secondary end points included changes in other inflammatory and oxidative stress markers including IL-1b, TNF-a, TLR-4, TLR-2, CD14, CD16, SOCS-3, PTP-1B, and p47 phox expression in MNCs; LPS concentrations in plasma; and changes in insulin secretion, glucose excursions, and incretin levels between the 2 meals.
Results
Ten normal-weight healthy subjects were randomized and completed all visits of the study during the period of July 2010 through March 2012. All subjects consumed the meal within 20 minutes, and complete sets of samples were collected and were available for analysis. Subjects did not report any discomfort or require any medical attention during the visits.
Plasma glucose, insulin, and FFA concentrations
The intake of both meals (HFHC and HFHC with fiber) induced significant increases in glucose concentrations, with peaks around 15 to 30 minutes. The increase following the meal and fiber was generally lower at the peak and was lower at 45 minutes (84 6 5 vs 102 6 7 mg/dL, P = 0.021; 0.206) than with the HFHC meal alone [ Fig. 1(A) ]. The area under the curve for 5 hours (AUC 5h ) of glucose concentrations was not significantly different between the 2 meals [P = 0.076; 0.377; Fig. 1(B) ] but was lower when it was calculated for the first 90 minutes only (AUC 90min ) when fiber was added to the meal [P = 0.027; 0.216; Fig. 1(C) ]. This was associated with greater insulin secretion when fiber was added to the meal throughout the monitoring period. Peak insulin concentrations were higher (P = 0.011; 0.099, by paired t test) at 15 minutes following the meal with fiber (from 4.1 6 0.7 to 47.3 6 8.6 mU/mL) compared with the HFHC meal alone (from 3.8 6 0.5 to 21.2 6 3.4 mU/mL) and when AUCs were compared throughout the study period (P = 0.004; 0.059, paired t test) [ Fig. 1(D) and 1(E) ]. Similarly, AUC 90min was significantly higher when fiber was added to the meal [P = 0.003; press.endocrine.org/journal/jcem0.048; Fig. 1(F) ]. The ratio of insulin to glucose (I/G ratio, mU/mg) was significantly greater after the meal and fiber than after the meal alone (P = 0.003; 0.047, 2-way RMANOVA and paired t test for AUC 5h and AUC 90min ) [ Fig. 1(G-I) ]. The increase in C-peptide concentrations was earlier and higher when fiber was consumed with the meal, from 0.78 6 0.3 ng/mL to a peak of 2.5 6 0.5 ng/mL at 60 minutes following the HFHC meal and from 0.75 6 0.2 to 3.3 6 0.4 ng/mL at 30 minutes following the meal and fiber [P = 0.015; 0.165; Fig. 1(J) ]. The AUC 5h and AUC 90min of C-peptide were also higher (by 22% 6 10% and 34% 6 10%, respectively) when fiber was added to the meal [P = 0.012; 0.122; Fig. 1 (K) and 1(L)]. Proinsulin increased significantly following both meals, and levels were generally higher following the meal with fiber visit; however, the increases and the AUCs of the increase were not significantly different between meals [ Fig. 1 (I) and 1(J)].
Plasma incretin, DPP IV, and glucagon concentrations
There was an early (at 15 minutes) higher peak of GLP-1 concentration following the meal and fiber consumption compared with the meal alone [P = 0.038; 0.245; Fig.  2(A) ]. This early peak coincided with the early peak in insulin secretion. However, the AUCs of the postprandial concentrations of total GLP-1 and GIP were not significantly different between the 2 meals [ Fig. 2(B-D) ]. The HFHC meal intake alone or with fiber induced significant and similar increases in glucagon and pancreatic peptide YY3 concentrations (data not shown). The increase in plasma concentrations of DPP IV induced by the HFHC meal (from 341 6 28 to 416 6 31 ng/mL at 2 hours) was prevented by the intake of fiber [P = 0.002; 0.032; Fig. 2(E) ]. The increase in DPP IV occurred 2 hours after the intake of the HFHC meal; thus, its suppression did not contribute to the early peak of GLP-1 observed after the intake of fiber.
Effect of fiber intake on oxidative stress
ROS generation by MNC increased significantly after the HFHC meal (by 120% 6 24% over the baseline at the 2-hour peak). This increase was significantly reduced throughout the duration of 5 hours, and the AUC was significantly lower [by 47% 6 14%; P = 0.003; 0.048; Fig. 3(A) and 3(B) ] following the addition of fiber. In addition, the meal alone induced a significant increase in protein levels of the reduced form of NAD phosphate (NADPH) oxidase subunit (p47 phox ) by 48% 6 11%, whereas the addition of fiber to the meal suppressed this increase [P = 0.014; 0.149; Fig. 3(C) and 3(D) ]. Plasma TBARS, an index of lipid peroxidation, increased significantly after the HFHC meal alone [by 38% 6 12% at 3 hours; Fig. 3 (E)]; this was prevented when fiber was added to the meal (P = 0.018; 0.171).
Effect of fiber intake on FFA and LPS
Plasma FFA concentrations fell significantly after both meals, but the addition of fiber to the meal resulted in accelerated fall as early as 15 minutes following consumption of the meal [from 0.37 6 0.05 to 0.31 6 0.02 mM alone and from 0.41 6 0.03 to 0.21 6 0.02 mM following the meal and fiber; P = 0.033; 0.198; Fig. 4(A) ], but the overall AUC was not significantly different between meals (data not shown). The intake of the HFHC meal alone caused a significant increase in plasma endotoxin concentrations by 58% 6 10% over baseline (from 0.38 6 0.02 EU/mL to 0.59 6 0.03 EU/mL at 5 hours; P , 0.05). The intake of fiber with the meal prevented this increase (P = 0.007; 0.088, 2-way RM-ANOVA; Fig. 4(B) ]. The addition of fiber did not alter the meal-induced increases in matrix metallopeptidase 9 and LPS binding protein concentrations (data not shown).
Effect of fiber intake on the expression of inflammatory mediators in MNCs
The intake of the HFHC meal alone induced significant increases in mRNA expression levels of IL-1b (by 123% 6 22%), TNF-a (by 114% 6 28%), TLR-4 (by 74% 6 25%), and CD14 (by 84% 6 27%). (Values represent peak increases over baselines [P , 0.05 for all compared with baselines]). The intake of fiber with the meal significantly reduced these increases by 68% 6 17%, 43% 6 16%, 58% 6 15%, and 53% 6 17%, respectively, compared with the meal alone [P , 0.01; P , 0.05 with HBC for all; Fig. 5(A-D) ]. The intake of the HFHC meal alone also induced an increase in mRNA expression of TLR-2, CD16 [ Fig. 5 (E) and 5(F)], and CD26 in the protein level of TLR-4 (data not shown), which was not suppressed by the addition of fiber.
In addition, there was a significant increase in PTP-1B and SOCS-3 mRNA expression in MNCs by 77% 6 21% and 91% 6 18% at 2 hours following the HFHC meal alone (P , 0.05, RMANOVA), whereas there was no significant change in the expression of these genes when fiber was added to the meal [P = 0.003; 0.046 for SOCS-3 and P = 0.028; 0.203 for PTP-IB by 2-way RMANOVA; Fig. 6(A) and 6(B) ]. Similarly, SOCS-3 protein levels in MNCs increased significantly by 45% 6 13% following the HFHC meal alone (P , 0.05, RMANOVA), whereas it did not increase when fiber was added to the meal [P = 0.009; 0.107, by 2-way RMANOVA; Figs. 3(C) and 6(C)].
Discussion
Our data show clearly that the addition of fiber to the HFHC meal had profound effects on metabolic and inflammatory events after the meal. There was a significantly smaller excursion (AUC) of glucose during the first 90 minutes after the meal and a significantly greater excursion (AUC) of insulin concentrations during this period, both during the first 90 minutes and for the entire 5-hour period following the addition of fiber to the HFHC meal. Thus, the insulin/glucose ratio following these meals was significantly greater after the addition of fiber to the HFHC meal. Although the lower excursion of glucose following the fiber-containing meals may in part be due to slower digestion and absorption of glucose, it is possible that the greater insulin concentrations may have press.endocrine.org/journal/jcemcontributed to this effect. The significantly greater increase in C-peptide level after the addition of fiber was also consistent with greater insulinogenesis after the intake of fiber. Consistent with the greater increase in insulin following the addition of fiber, FFA concentrations also fell more rapidly after fiber intake.
To investigate the mechanism underlying the increase in insulinogenesis, we measured the concentrations of GLP-1 and GIP. The intake of fiber induced an early peak of GLP-1 at 15 minutes, which coincided with the early peak of insulin. However, the AUC for GLP-1 for the first 90 minutes (data not shown) or for phox (subunit of NADPH oxidase) protein levels in MNC; and (E) percentage change in TBARS concentrations in plasma following a 910-kcal HFHC meal with or without 30 g of fiber in normal subjects (n = 10 for all). Data are presented as mean 6 SE. * = P , 0.05 with RMANOVA compared with baseline in HFHC. ** = P , 0.05 with RMANOVA compared with baseline in HFHC + fiber. # = P , 0.05 using 2-way RMANOVA comparing HFHC with HFHC + fiber. % = P , 0.05 for AUC with paired t test comparing HFHC with HFHC + fiber.
the total period of 5 hours was not significantly greater than that after the meal alone. GIP concentrations were not significantly greater after the intake of fiber. Thus, although the initial peak of insulin may be explained by the initial peak of GLP-1, the sustained increase in insulinogenesis may involve another mechanism such as glucose concentration. The exact mechanisms underlying the greater increase in insulin concentrations and the lower glucose excursions following fiber intake require further investigation. It is also intriguing how fiber intake induced an increase in GLP-1, which is secreted by the proximal ileum within 15 minutes of intake; this issue requires further investigation. Because postprandial hyperglycemia is known to be associated with an increase in cardiovascular events (19) , it is possible that sustained reduction in its magnitude with long-term fiber intake may be protective.
In addition to these metabolic effects, there was an impressive reduction in oxidative stress following the addition of fiber to the HFHC meal; this was reflected in the reduction of both ROS (O 2 2 ) by MNC and in the plasma content of lipid peroxides as reflected in plasma TBARS concentration. Lipid peroxidation is an essential component of atherogenesis. The increments in the expressions of the proinflammatory cytokines TNF-a and IL-1b were reduced significantly when compared with the increments following the HFHC meal. There was also a significant reduction in the magnitude of increase in LPS concentrations and the expression of TLR-4 and CD-14. Although TLR-4 is the receptor for endotoxin, CD14 facilitates the ligation of endotoxin to TLR-4 (20) . Thus, the magnitude of endotoxemia and the potential effects of endotoxemia were diminished by fiber. Because O 2 $radical, a product of the enzyme NADPH oxidase, TNF-a, LPS, and TLR-4 are all involved in atherogenesis (21), their suppression is most likely potentially antiatherogenic.
Apart from the above, TNF-a and IL-1b are both modulators of SOCS-3 (22) , a peptide that interferes with insulin signal transduction (23) . It, too, increased after a proinflammatory HFHC meal. Its increase was also diminished significantly after the addition of fiber to the meal. In addition, the intake of fiber suppressed the increase in the expression of PTP-1B, a phosphatase that dephosphorylates tyrosine kinaseinduced phosphotyrosine in the insulin receptor and thus limits insulin signaling (24) . Thus, the expression of 2 of the known mediators of insulin resistance is diminished following the intake of fiber. This may contribute over a period of time to a reduced tendency to insulin resistance. This is consistent with the known tendency for diminished rates of diabetes in populations consuming high-fiber foods and the improved glycemic indices with increased fiber consumption (25, 26) . In addition, IL-1b is an important cytokine involved in damaging the B cell. The prevention of its increase by fiber is most likely protective to the B cell and insulinogenesis. This possibility requires further investigation.
In the context of the prevention of oxidative stress and inflammation and the increase in plasma concentrations of insulin following fiber intake, it should be mentioned that insulin has been shown to exert a potent antiinflammatory effect, a part of which is the suppression of ROS generation and NADPH oxidase expression, the enzyme that generates the superoxide radical (27) . Thus, increased insulin concentrations and suppression of the inhibitors of insulin signal transduction may have contributed to the anti-inflammatory effect observed. Insulin is known to suppress the plasma concentrations of the adhesion molecule ICAM-1 and the chemokine MCP-1 and its receptor, CCR-2 (27, 28) . Because the deletion of ICAM-1, MCP-1, and TLR-4 has been shown to be atheroprotective in experimental animals (29-31), insulin is potentially antiatherogenic (32) . Hence, it is press.endocrine.org/journal/jcempossible that the enhancing effect of long-term intake of fiber on insulinogenesis and its suppressive effect on factors causing insulin resistance are potentially antiatherogenic. Consistent with this are the observations that insulin receptor deletion in the endothelial cells is atherogenic (33, 34) and the fact that insulin administration results in the inhibition of atherosclerosis in mice with apoE deletion (35) . The increase in CD16 expression, a marker of activation of the monocyte, induced by the HCFC meal is of interest because CD16 is related to an increase in cardiovascular events in patients having coronary Figure 5 . Percentage change in mRNA expression of (A) IL-1b, (B) TNF-a, (C) TLR-4, (D) CD14, (E) CD16, and (F) TLR-2 following a 910-kcal HFHC meal with or without 30 g of fiber in normal subjects (n = 10 for all). Data are presented as mean 6 SE. * = P , 0.05 with RMANOVA compared with baseline in HFHC. ** = P , 0.05 with RMANOVA compared with baseline in HFHC + fiber. # = P , 0.05 using 2-way RMANOVA comparing HFHC with HFHC + fiber.
angiography (36) . Thus, the chronic intake of HCFC meals in such patients may have clinical implications. Fiber intake was, however, not able to prevent this increase in CD16 expression.
It is also noteworthy that the 2 fiber doses had 120 additional carbohydrate calories. The magnitude of hyperglycemia was significantly lower following fiber in spite of this additional load, possibly because of increased insulinogenesis. In a previous study, the addition of 300 calories as glucose led to greater insulin concentrations, but the magnitude of hyperglycemia was greater (8) . Thus, fiber has a profound acute effect on glycemia and insulinogenesis.
Although we are reporting statistical results with and without correction for multiple testing, it is important to state that the parameters measured were not selected at random but were featured in our previous work. Because many end points showed a significant difference or strong trend toward a difference between the 2 meals in spite of the correction for multiple testing, it is less likely that this is the result of random "fishing."
In conclusion, the addition of fiber to an HFHC meal reduced the magnitude of increase of glucose, increased insulinogenesis, and reduced endotoxemia and oxidative and inflammatory stress. The increase in DPP IV concentrations was also reduced. In addition, it also inhibited the expression of genes that interfere with insulin signal transduction. Thus, regular intake of fiber may, over time, reflect increased insulinogenesis, diminished atherogenesis, insulin resistance, and the development of diabetes as observed in previous epidemiological and observational studies. This warrants longer and larger investigations in patients with diabetes or a high risk of diabetes. These data provide mechanistic evidence to explain the protective beneficial effects of dietary fiber at the cellular and molecular levels.
